The purposes of this study were twofold, namely to evaluate: (1) the effect of hybridization on microtensile bond strength (μTBS) to dentin, and (2) the ultrastructure of the dentin-adhesive interface with 4-META/MMA-TBB resin after acid-base challenge. Dentin surfaces, which received no treatment (NT), 65% phosphoric acid (PA), or 10% citric acid-3% ferric chloride (10-3), were bonded with a 4-META/MMA-TBB resin. To evaluate dentin bond strength, μTBS test was performed at a crosshead speed of 1 mm/min. For ultrastructural evaluation of the adhesive interfaces, SEM was used to examine the interfaces of the bonded specimens after acid-base challenge. The μTBS of NT was not determined, while that of 10-3 was significantly higher than that of PA (p<0.05). With PA and 10-3, the hybrid layer was clearly observed, but no so for the acid-base resistant zone. Wall lesion was found in NT only.
INTRODUCTION
Hybridization is key to achieving reliable and durable adhesion between dentin and the adhesive resin 1) . A hybrid layer is formed when resin monomers penetrate the underlying dentin and polymerize in situ. In clinical settings, the marginal integrity of a restoration influences the long-term durability of the restoration. Marginal gaps between the restorative material and the cavity wall allow fluids and bacteria to invade, thereby leading to secondary caries formation.
According to previous reports 2, 3) , secondary caries are the main factor responsible for the failure and replacement of restorations. Against this background, good adhesion plays a vital role in enhancing the sealing capability at the cavity margins.
For in vitro assessment of caries inhibition around restorative materials, methods such as polarized light microscopy 4) , microradiography 5) , and confocal laser scanning microscopy 6, 7) have been used. However, the extent of magnification to which these methods permit is limited if more detailed information at the restoration-cavity interface is required. By means of SEM, Tsuchiya et al. 8) reported on the ultrastructure of the interface between cavity wall and adhesive material after acid-base challenge using bovine root dentin. Results of the study showed that the morphological changes at the interface were material-dependent. The hybrid layer was observed for all the adhesive systems. However, an acid-base resistant zone (ABRZ) was formed beneath the hybrid layer only with a self-etching primer adhesive system, not with an acid etching system. In another study by Inoue et al. 9) , they also used SEM to observe and compare the ultrastructural differences in acid-base resistant zone at the adhesive-dentin interface between intact and cariesaffected human dentin. As for Shinohara et al. 10) , they evaluated the effect of an antibacterial, fluoridereleasing adhesive system on acid-base resistant zone formation. Through SEM, they observed that a thick acid-base resistant zone was created adjacent to the hybrid layer when the fluoride-releasing adhesive was used. On the use of adhesive resins, 4-META/MMA-TBB resin has been widely accepted as an adhesive luting cement over the past few decades. A 4-META/MMA resin, when initiated with oxidized trin-butylborane (TBBO), provides excellent adhesion to dentin when the dentin surface is pretreated with citric acid solution containing ferric chloride 11, 12) . Ferric ions play a role in stabilizing dentin collagen during acid conditioning 13) . By the same token, Imai et al. 14) reported that the bond strength between dentin and methyl methacrylate (MMA) resin was significantly improved by a possible interfacial initiation with the combination of ferric chloride adsorbed onto dentin and TBBO 15) . Furthermore, when the initiation of polymerization starts at the dentin-resin interface, the adverse effect of polymerization shrinkage can be minimized 14) . Previously, many researchers have reported on dentin bonding performance and hybrid formation in 4-META/MMA-TBB resin. However, there is little information on the resin-dentin interface after acidbase challenge using a 4-META/MMA-TBB resin. Therefore, the aims of this study were to evaluate the effect of hybridization on microtensile bond strength (μTBS) to human dentin and the ultrastructural change of the dentin-adhesive interface after acid-base challenge using 4-META/MMA-TBB resin with three different dentin conditions. The null hypothesis of this study was that the three different dentin conditions would affect neither the μTBS nor the ultrastructure at the interface after acid-base challenge using 4-META/MMA-TBB resin. Table 1 lists the compositions, manufacturers, and batch numbers of the materials employed in this study.
MATERIALS AND METHODS

Materials used in this study
A 4-META/MMA-TBB resin, Super-Bond C&B (Sun Medical, Moriyama Japan), was methyl methacrylate (MMA)-based and contained a tri-nbutyl borane (TBB) derivative as chemical initiator and 4-methacryloxyethyl trimellitate anhydride (4-META) as functional monomer. Two dentin conditioners, 65％ phosphoric acid (red activator) and 10％ citric acid-3％ ferric chloride (green activator), which accompanied the bonding system were used in this study for dentin conditioning. Figure 1 illustrates the specimen preparation procedure. Nine extracted, caries-free human third Specimen preparation procedure for μTBS test. The coronal portion of each tooth was removed to expose a flat, mid-coronal dentin surface. The dentin surfaces received one of the following pretreatments: no treatment (NT), 65％ phosphoric acid for 10 seconds (PA), or 10％ citric acid-3％ ferric chloride for 10 seconds (10-3). A liquid-powder mixture of Super-Bond C&B was applied on dentin surface with a brush-on technique to bond a PMMA rod (10 mm in diameter, 10 mm in height) as a handle for tensile bond testing. Bonded specimens were perpendicularly sectioned at the dentin adhesive interface into serial slabs with a diamond saw, and then subjected to microtensile bond strength test at a crosshead speed of 1 mm/min. Table 1 Materials used in this study molars were used in this study. Before use, the teeth were cleaned of debris and stored in physiological saline containing 0.1％ thymol. The coronal portion of each tooth was removed to expose a flat, midcoronal dentin surface using a low-speed diamond saw (Isomet 1000, Buehler Ltd., Lake Bluff, IL, USA) under running water. The exposed dentin surface was ground using 600-grit silicon carbide paper under a water stream to produce a standardized smear layer. The teeth were randomly assigned into three groups prior to adhesive application.
Microtensile bond test
The ground dentin surfaces received one of the following pretreatments: no treatment (NT), 65％ phosphoric acid for 10 seconds (PA), or 10％ citric acid-3％ ferric chloride for 10 seconds (10-3). After PA or 10-3 application, the dentin surfaces were rinsed with water for 10 seconds and then gently airdried. Following which, a powder-liquid mixture of Super-Bond C&B was applied on the dentin surfaces with a brush-on technique according to the manufacturer's instructions for bonding a PMMA rod (10 mm in diameter, 10 mm in height) as a handle for tensile bond testing.
The bonded specimens were left at room temperature for 30 minutes to secure the initial polymerization, and then stored in distilled water at 37°C for 24 hours. The specimens were then perpendicularly sectioned at the dentin-adhesive interface into serial slabs with a diamond saw (Isomet 1000) under water lubrication. Each slab was further sectioned to produce dumbbell-shaped specimens with an adhesive area of approximately 1 mm 2 . These specimens were then fixed to a handy-type universal testing machine (EZ-Test, Shimadzu, Kyoto, Japan) with a cyanoacrylate adhesive (Zapit, Dental Ventures of American, Anaheim Hills, CA, USA) and subjected to microtensile bond strength testing at a crosshead speed of 1 mm/min. After debonding, failure modes were inspected by a stereomicroscope (Olympus Colposcope, Olympus Specimen preparation procedure for acid-base challenge. Two dentin disks of approximately 1.5-mm thickness were obtained. After the dentin surfaces were pretreated with NT, PA, or 10-3, a thin layer of 4-META/MMA-TBB resin cement was placed between the two disks to produce a dentin disk sandwich. After the specimens were vertically sectioned at the dentin-adhesive interface and embedded in an epoxy resin, they were subjected to the acid challenge by immersing in a buffered demineralizing solution for 90 min. After the acid challenge, the specimens were immersed in 5％ sodium hypochlorite solution for 20 min. Clearfil SE Bond was applied without the prior use of any self-etching primer to protect the demineralized surface from the subsequent polishing procedure. Polished specimens were etched with an argon ion beam for 7 min to distinguish the ultrastructure of the dentin-adhesive interface.
To observe the morphological changes of the dentin-adhesive interface produced by acid-base challenge, specimens were sputter-coated with gold for examination under a SEM.
Optical Co. Ltd., Tokyo, Japan) with ×3 magnification. Failure modes were classified into three categories: (1) adhesive failure; (2) cohesive failure in resin; or (3) cohesive failure in dentin.
Statistical analysis
Each test group comprised 15 specimens. The mean bond strengths obtained were analyzed using Student's t-test (p=0.05).
SEM observation
The specimen preparation for SEM examination was conducted according to the procedure given in a previous study 10) (Fig. 2) . Two dentin disks of approximately 1.5-mm thickness were obtained from the mid-coronal portion of each human molar with the use of a diamond saw (Isomet 1000) under running water. The dentin surfaces were ground with 600-grit silicon carbide paper under running water to standardize the smear layers. The ground dentin surfaces were then pretreated with one of the three conditions in the same manner as described above. Following pretreatment, a thin layer of 4-META/ MMA-TBB resin cement was placed between the two disks using a brush-on technique to produce a dentin disk sandwich. The bonded specimens were then stored in distilled water at 37°C for 24 hours. Subsequently, the specimens were vertically sectioned at the dentin-adhesive interface and embedded in an epoxy resin (Epoxicure Hardener, Buehler Ltd., Lake Bluff, IL, USA). For the acid challenge, the specimens were immersed in a buffered demineralizing solution (2.2 mmol/L CaCl2, 2.2 mmol/L NaH2PO4, and 50 mmol/L acetic acid) adjusted to pH 4.5 16) for 90 minutes. After the acid challenge, the specimens were immersed in 5％ sodium hypochlorite solution for 20 minutes to remove any demineralized dentin collagen fibers, and then rinsed with running water for 60 seconds. To protect the demineralized surface from the subsequent polishing procedure, a light-cured adhesive resin, Clearfil SE Bond (Kuraray Medical, Tokyo, Japan), was applied without the prior use of any self-etching primer. The specimens were then vertically sectioned at the dentin-adhesive interface and polished with diamond pastes down to 0.25 μm (DP-Paste, Struers, Ballerup, Denmark).
To distinguish the ultrastructure of the dentin-adhesive interface, the polished specimens were etched with an argon ion beam (EIS-1E, Elionix, Tokyo, Japan) for 7 minutes. Operating conditions for the argon-ion beam etching were: accelerating voltage of 1 kV and an ion current density of 0.2 mA/cm 2 , with the ion beam directed perpendicular to the polished surface 17) . To observe the morphological changes of the dentin-adhesive interface produced by acid-base challenge, the specimens were sputter-coated with gold for examination under a SEM (JSM-5310LV, JEOL, Tokyo, Japan). Table 2 summarizes the mean μTBSs of 4-META/ MMA-TBB resin to dentin according to dentin surface treatment method. μTBS without conditioning (NT) was not determined because all the specimens were debonded during specimen preparation for the μTBS test. With the other two surface treatment methods, μTBS to dentin treated with 10-3 was significantly higher than that with PA (p<0.05). Figure 3 summarizes the failure mode results of the debonded specimens. In the NT group, only adhesive failures were found whereby all the specimens were debonded during preparation for the μTBS test. In the PA group, adhesive failure was Mean ± SD, Number of specimens: 15 ＊: Not detected because all the specimens were debonded during μTBS test preparation. Same superscript letter indicates no significant difference (p>0.05). Table 2 Effect of dentin surface treatment on microtensile bond strength (MPa) the predominant failure mode, whereas cohesive failure in resin was the predominant failure mode in the 10-3 group. Figure 4 shows the SEM photographs of the adhesive-dentin interfaces after acid-base challenge.
RESULTS
Microtensile bond strengths
SEM observation
The depth of dentin demineralized with an artificial demineralizing solution, so called outer lesion (OL), was approximately 20 μm in all the groups. Moreover, for each group, the top surface of SuperBond C&B did not change following the acid-base challenge. In the NT group, the hybrid layer was not created at the interface, but wall lesion (WL) was observed along the interface. In both PA and 10-3 groups, a hybrid layer was observed but the thickness Fig. 4 SEM photographs of the ultrastructures of the interfaces after acid-base challenge. a1, a2: For NT, no hybrid layer was created at the interface, but wall lesion (WL) was observed along the interface. a1: ×1500, a2: ×5000; OL: outer lesion, D: dentin, R: resin. b1, b2: For PA, a hybrid layer was observed (HA, 2 μm), but the acid-base resistant zone and wall lesion were not detected. b1: ×1500, b2: ×5000. c1, c2: For 10-3, a hybrid layer was observed (HA, 3 μm), but the acid-base resistant zone and wall lesion were not detected. c1: ×1500, c2: ×5000.
thereof differed between the groups. With PA, thickness of the hybrid layer was 2 μm while that of 10-3 group was 3 μm (n=3, measured at 30 μm under the surface). The acid-base resistant zone was not detected in all the groups.
DISCUSSION
It was reported that 10-3 solution enhanced the dentin bonding strength of 4-META/MMA-TBB resin 14) . Nakabayashi et al. 18) reported that 10-3 conditioner dehydrated faster and minimized the collapse of dentin collagen matrix by decreasing the amount of dissolved polyelectrolytes chemically. This was because ferric ions in 10-3 solution could effectively aggregate the dentinal polyelectrolytes chemically, thereby decreasing the dissolved concentration in the demineralized dentin. Further on the effect of 10-3 solution on adhesion to dentin, Kadoma and Imai 15) postulated that polymerization was initiated by radicals from TBB and accelerated by ferric ions adsorbed onto dentin from the 10-3 solution. 65％ phosphoric acid was also used in this study. After phosphoric acid etching, the dentin surface was gently air-dried in the same manner as with 10-3 solution. Phosphoric acid has been used as an etchant to remove the smear layer on dentin surfaces. However, it should be highlighted that the underlying dentin surface is also demineralized, leaving the denatured collagen fibers to be exposed. After the dentin surface is rinsed and dried, an exposed collagen fiber network easily collapses with airdrying because of lack of mineral support. In other words, a moist dentin surface is required to maintain a non-collapsed demineralized collagen network after acid etching 19) . In this study therefore, the dentin collagen matrix must have collapsed after air-drying. To achieve durable adhesion to dentin, it is important that a hybrid layer be formed at the resindentin interface. A hybrid layer is created by the penetration and polymerization of adhesive monomers after removal and/or modification of the smear layer and superficial demineralized dentin layer 20) . Since the hybrid layer has been characterized to be acid-resistant 13) , the quality of hybrid layers between dentin and adhesives has been observed using acidic solutions such as hydrochloric acid 21) and phosphoric acid 22) . Alternatively, argon ion beam etching is a method to reveal the hybrid layer at the resin-dentin interface 17) . A roughened surface of the hybrid layer is produced by selective removal of the resin components impregnated into the demineralized dentin through argon ion beam etching. This layer then becomes clearly distinguishable -due to the edge effect of the roughened surface -through the secondary electron imaging mode of a scanning electron microscope 17) .
In the current study, the bonded interfaces were subjected to an acid-base challenge via the combination of a demineralizing solution followed by sodium hypochlorite. The demineralizing solution has been known to create artificial secondary caries around dental restorations 16) . The pH value of this solution was adjusted to 4.5, which was much milder as compared to the 10-3 solution and phosphoric acid. Thereafter, a 5％ sodium hypochlorite solution was used to remove the exposed dentin collagen fibers due to demineralization.
Therefore, the sodium hypochlorite treatment enabled us to observe the ultrastructure of the artificial secondary caries lesion at the cavity margins more clearly 8) . Without surface conditioning (NT), 4-META/ MMA-TBB resin did not provide any adhesion to human dentin (Table 2 ). This was because the smear layer on the ground dentin surface prevented monomer penetration into the underlying dentin. As a result, the bonded specimens were broken at the interface during specimen preparation for the μTBS test.
During SEM observation after acid-base challenge, no hybrid layer formation was observed at the interface. However, wall lesion was found along the interface (Fig. 4a) . Formation of wall lesion suggested that the interface without hybrid layer could not resist against acid-base challenge. This meant that the absence of hybridization at cavity margins would lead to secondary caries formation in clinical situations. The 10-3 solution enhanced the μTBS of 4-META/MMA-TBB resin to dentin, which was much higher than that yielded with PA (Table 2) . A hybrid layer was observed in both PA and 10-3 groups, but the thickness thereof was 2 μm with PA and 3 μm with 10-3 (Figs. 4b, c) . The reasons for these results could be attributed to the shrinkage of exposed collagen in PA and deeper penetration of resin monomers in 10-3. Piemjai et al. 18) reported that the depth of demineralization increased with the increase of ferric chloride concentration in 10％ citric acid. They suggested that in the presence of ferric chloride, a decreased amount of dissolved polyelectrolytes aggregated with ferric ions in the substrate, thereby increasing the permeability of dentin to water and citric acid. In a study by Takarada et al. 23) using bovine dentin, they reported that the thickness of hybridized dentin was 4-5 μm after pretreatment with 10-3 for 10 seconds.
To account for the difference in hybrid layer thickness between human dentin and bovine dentin, it is most probably because human dentin has a higher resistance against 10-3 etching than bovine dentin. On the interfacial ultrastructure after acid-base challenge, a study by Tsuchiya et al. 8) using SEM revealed that the formation of acid-base resistant zone (ABRZ) was dependent on the adhesive material. The ABRZ was observed only for selfetching primer adhesive systems such as Clearfil SE Bond, Clearfil Protect Bond, and AQ Bond Plus, but not with the acid-etching system, Single Bond. The characteristics of ABRZ are still unclear. Nonetheless, this finding 8) sufficed to suggest that adhesive monomers of self-etching primer adhesive systems penetrated into demineralized dentin deeper than the hybrid layer, whereby the latter was identified by argon ion etching. In the present study, the 4-META/MMA-TBB resin used was a conventional two-step acid-etching system. Similarly, results of this study revealed the ABRZ was not observed at the bonded interface, which was the same as that observed for Single Bond as described above 8) . Taking together all the findings on the ultrastructure of the adhesive-dentin interface after acidbase challenge, they were classified into three categories as illustrated by the schematic diagrams in Fig. 5 . Figure 5a shows a cross-sectional view of the interface with no dentin pretreatment, whereby wall lesion is formed along the interface. Figures 5b and 5c represent the morphological changes that follow the use of an acid-etching system and a selfetching primer system respectively. It can be seen that hybridization at the adhesive-dentin interface is key to preventing wall lesion along the interface. In clinical settings, conventional dental cements -such as a zinc phosphate cement, polycarboxylate cement, and glass ionomer cement -are still widely used for cementation of indirect restorations. Generally, these dental cements have no potential to hybridize dentin. However, it has been reported that fluoride release from glass ionomer cements exhibits the potential to inhibit secondary caries formation at the marginal area of dental restorations. On this score, Umino et al. 6) reported that fluoride-releasing resin cements created a hybrid layer and prevented artificial secondary caries effectively in vitro. Despite our expectation, the morphological changes at the interface in this study were not significant between the two pretreatment solutions of 10-3 and PA. This was most probably because of different extents of damage in demineralized dentin after dentin treatment. In a study by Sano et al. 24) , they reported that nano-space existed within the hybrid layer because of imperfect penetration of adhesive monomers and imperfect adhesive polymerization. In another study by Spencer et al. 25) , they suggested that a decreasing percentage of resin infiltration into deeper dentin might be an inevitable phenomenon of phosphoric acid-etched dentin. In light of these reports, the bottom of the hybrid layer in PA would therefore be expected to be more susceptible to acid-base challenge, which meant that the morphological change would be affected. However, results of this study showed that there were no differences in extent of damage at the bottom of the hybrid layer between 10-3 and PA. That might be caused by sufficient monomer penetration into dentin because of the small molecular weight of MMA 26) . The μTBS of 10-3 was much higher than that of PA (Table 2) , and more incidences of adhesive failure were observed in PA (Fig. 3) . This was probably because penetration and polymerization of adhesive monomers in 10-3 were better than that for PA Fig. 5 Schematic summary of the results of acid-base challenge, where: a: For no treatment on dentin, no hybrid layer formation was observed, but wall lesion was found. Wall lesion formation suggested that the interface could not resist acid-base challenge, hence causing secondary caries formation in clinical situations. b: For acid-etching system, a hybrid layer was observed, but the acid-base resistant zone and wall lesion were not detected. c: For self-etching primer system, a hybrid layer was observed and the acid-base resistant zone was observed beneath the hybrid layer, which was along the dentin-adhesive interface.
because of the presence of ferric chloride. The hybrid layer created as a result of sufficient penetration and polymerization of adhesive monomers thus led to good adhesion. From this study, it was hence found that MMA monomer penetration was sufficient to create a hybrid layer to resist secondary caries formation, although no ABRZ was observed. Therefore, for the prevention of secondary caries development, it is beneficial and expedient to use self-etching primer adhesive systems.
CONCLUSIONS
Within the limitations of this study, the following conclusions were drawn:
(1) Pretreatment with 10-3 provided significantly higher μTBS of 4-META/MMA-TBB resin to dentin than with PA, whereas the bond strength value without dentin treatment could not be determined. (2) Based on SEM examination, the acid-base resistant zone was not observed at the interface between 4-META/MMA-TBB resin and dentin with acidic treatments. (3) Hybridization was key to providing good dentin bonding and acid-base resistance at the adhesive interface.
